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Abstract. Deep inelastic collisions (DICs) can compete strongly with fusion in collisions of heavy nuclei. 
However, standard coupled-channels calculations do not take DIC processes into account. As a result, 
calculations have been shown to overestimate the fusion cross-sections, resulting in a discrepancy between 
experimental data and theoretical calculations, particularly at energies above the fusion barrier. To investigate 
this discrepancy, we conducted a series of experiments using the ANU 14UD tandem accelerator and the 
CUBE 2-body fission spectrometer to examine the competition between transfer/DIC and fusion. In particular, 
fusion-fission and 3-body fission yields have been extracted for 34S + 232Th and 40Ca + 232Th systems. This 
work shows that the transfer-fission probability is enhanced relative to fusion-fission for 40Ca + 232Th, when 
compared to 34S+ 232Th. It is suggested that the enhancement of this DIC process in 40Ca + 232Th is linked to an 
increase in the density overlap of the colliding nuclei as a function of the charge product and contributes to 
fusion hindrance. 
1 Introduction  
Deep inelastic collisions (DICs) have been shown to 
compete strongly with fusion [1] and become 
increasingly probable as the charge product (Z1Z2) of the 
reaction increases [2-4]. However, the quantitative role 
these processes play in reaction outcomes is not well 
understood. Therefore, understanding the DIC process is 
crucial for understanding fusion dynamics in heavy ion 
collisions.  
The standard coupled-channels (CC) model used for 
describing the fusion process has been successful in 
explaining phenomena like the enhancement of fusion 
cross-sections at energies below the average fusion 
barrier [5-6]. However, the observation of fusion 
suppression, particularly at above-barrier energies, cannot 
be described by these models [7-8]. This disagreement 
between CC models and observation is thought to be 
linked to the contribution of DICs [7, 9], which are not 
included within the CC framework. In Ref. [7], it was 
suggested that an enhancement in DICs with increasing 
Z1Z2 may be responsible for fusion suppression. Thus, a 
new approach that includes both CC effects and energy 
dissipation that results in DICs is required to illustrate 
any observable outcomes resulting from the onset of 
DICs. Such a dynamical reaction model is being 
developed at the Australian National University (ANU); 
the work presented here is aimed at providing 
experimental inputs to this phenomenological model.  
One factor that is considered to be important in shaping 
the influence of dissipative processes on reaction 
outcomes is the density overlap of colliding nuclei, i.e., 
increasing nucleon-nucleon interactions that result in a 
substantial loss of kinetic energy and angular momentum 
from the relative motion. The relative kinetic energy of 
the colliding nuclei is dissipated into excitation energy 
(heating) of the heavy product, which can be formed by 
either transfer or fusion reactions. The transfer 
probabilities, in particular, are significantly affected by 
this density overlap. However, systematic experimental 
study of the interplay between density overlap and 
transfer probabilities have not been carried out, although 
recent experiments are addressing this issue [10-11].   
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 One way of examine the influence of dissipative 
processes is to study fusion-fission (or called as full 
momentum transfer (FMT) fission) and transfer-fission 
reactions. FMT fission corresponds to fission that occurs 
when a projectile has been completely absorbed into a 
target and formed a thermally equilibrated composite 
nucleus before undergoing fission. In contrast, transfer-
fission corresponds to fission from a target-like (heavy) 
nucleus, formed following nucleon exchange between 
colliding nuclei, that has an excitation energy higher than 
the fission barrier. 
 
In this paper, FMT fission and transfer-fission yields 
have been extracted for 34S + 232Th and 40Ca + 232Th 
reactions. The comparison between these reactions will 
shed light on the effect of the DIC process on heavy ion 
collisions and explore the necessity of explicitly taking 
energy dissipation into account in the description of the 
fusion process.  
2 Experimental Details 
The experiments were carried out at the Heavy Ion 
Accelerator Facility at the ANU. The 14UD electrostatic 
accelerator was used to produce a pulsed beam of ~1.3 ns 
width at intervals of ~106 ns. For the 40Ca + 232Th 
reaction, the ANU superconducting linear post-
accelerator was used to increase the beam energies above 
the fusion barrier. Table 1 provides target details and 
energy ranges for the reactions studied. 
Table 1. Reaction parameters  
Reaction 
Target 
Thickness 
(μg/cm2) 
Backing, 
Thickness 
(μg/cm2) 
Beam 
Energy 
Ranges 
(MeV) 
34S + 232Th   80 C, 10 155 - 192 
40Ca + 232Th 80 or 330 C, 10 or Al, 30 213 - 264 
Coincident fission fragments were detected in the 
CUBE detector, which consists of two large-area 
position-sensitive multi-wire proportional counters 
(MWPCs) [12]. A schematic view of the experimental 
setup is given in Figure 1. 
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Figure 1. Experimental setup of the CUBE binary fission 
spectrometer. Labels 1 and 2 correspond to the back and front 
detectors respectively; (a) shows the azimuthal positioning 
where the beam is going into the page, and (b) shows the 
configuration as seen from above. The position of detectors is 
defined by their distance from the target (d), azimuthal angle (ϕ) 
and polar angle (θ) relative to the beam axis [12].   
The two detectors were placed 180 mm away from the 
target. The front detector was centred at θ2 = 45°, 
providing an angular coverage from 5° to 80°. We used 
two different ranges of angular coverage for the back 
detector. It was centred at θ1 = 90° with either 55° to 
130° or 50° to 125° coverage, depending on the 
orientation of the back detector. X and Y anode planes, 
made up of a grid of 20 μm gold plated tungsten wires, 
provided position information, and the centre foil 
provided timing and energy loss information.  
The coincident detection of fragments allowed the 
determination of the fission fragment mass ratio and 
velocities through kinematic reconstruction based on two-
body kinematics [13]. 
3 Data Analysis 
The data analysis procedure is largely divided into three 
steps.  Each step of the analysis is explained below, using 
the 40Ca  + 232Th reaction at Elab = 263.3 MeV as an 
example.  
3.1 Selecting the Fission Events 
 
There are two types of data that need to be eliminated in 
order to select the fission events clearly; (1) those 
corresponding to elastically scattered particles and (2) 
coincident events occurring due to reactions with lighter 
elements in the target and detection of one fission 
fragment in coincidence with a beam-like particle.  
 
Figure 2. Scatter plot of mass ratio MR vs vpar/vcn. The scale of 
counts is given by a colour scheme in the right panel. The 
rectangular gate (black lines) is used to select fission events and 
remove the elastically scattered events.  
 
The parallel velocity component (vpar) for the elastic 
scattering events is the same as the compound nuclear 
velocity (vcn) and thus these events can overlap with the 
fusion-fission events. The elastically scattered events 
were clearly identified in the mass ratio plot, MR vs 
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 vpar/vcn, as the two high intensity regions near MR ~ 0.15 
and MR ~ 0.85 shown in Figure 2. To simplify the next 
step in the analysis, these events were eliminated using a 
rectangular gate as shown. 
 
Figure 3. A polygonal gate is used to remove coincidences 
between beam-like nuclei and one fission fragment. (a) Scatter 
plot of v1 vs v2 for 40Ca + 232Th reaction at Elab = 263.3 MeV. (b) 
Scatter plot of MR vs TKE/TKEViola for 34S + 232Th reaction at 
Elab = 182 MeV. The scale of counts is given by a colour 
scheme in the right panel. 
 
In addition to the elastics, events due to random 
coincidences between beam-like nuclei and one fission 
fragment can be present. These were separated by putting 
an additional gate in the v1-v2 plot as shown in Figure 3 
(a).  
 
For the 34S + 232Th reaction analysis, an additional 
polygonal gate was applied to the scatter plot of MR 
versus relative total kinetic energy (RTKE) in order to 
further exclude unwanted events. This gate is shown in 
Figure 3 (b). RTKE is defined as TKEexp/TKEViola where 
TKEexp is the total kinetic energy determined from the 
experimental data and TKEViola is the kinetic energy 
derived from the Viola systematics [14].  
3.2 Angular Acceptance Ranges 
In addition to fusion-fission, transfer-fission becomes an 
important process for heavier projectile and target 
systems. The CUBE detector can efficiently detect the 
fusion-fission events for 34S + 232Th and 40Ca + 232Th systems 
but can lose events following transfer fission. This is 
because as the projectile becomes heavier, a larger 
momentum is transferred to the target, leading to a larger 
recoil velocity. The fragments following the fission of a 
composite systems formed in such reactions will have a 
folding angle that goes beyond the CUBE detector 
geometry, meaning that only one of the fragments is 
detected. To make a direct comparison between fusion-
fission and transfer-fission yields, a careful selection of 
the detector angles is required in the analysis to avoid 
missing such 3-body events.  
To ensure that we had adequate solid angle coverage for 
both fusion-fission and transfer-fission, we looked at the 
position distribution of fission fragments in the front 
detector  (see Figure 4 (b)) for different gates in the back 
detector angle plot (see Figure 4 (a)). Figure 4 (b) is an 
example of fission fragments following transfer reactions 
detected in the front detector after restricting the back 
detector angular coverage. The detail of selecting 
transfer-fission events is explained in the following 
section. If the fission fragments lie close to the black line 
boundary that corresponds to the edge of the front 
detector angular coverage, some of fission fragments 
might be missed. Therefore, we systematically searched 
for the back detector (1) position gates that kept fission 
fragments away from the front detector (2) edges.  
 
 
 
Figure 4. Scatter plot of fission fragments observed in the back 
(a) and front (b) detectors for the 40Ca  + 232Th reaction at Elab = 
263.3 MeV. The scale of counts is given by a colour scheme in 
(a) 
(b) 
(b) 
(a) 
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 the right panel. (a) The top rectangular box represents fission 
fragments having negative velocities while the bottom 
rectangular box represents those having positive velocities. (b) 
Black line is a boundary of the front detector angular coverage. 
The events at the centre of the plot in (b) correspond to pairs of 
fission fragments caught following a transfer-fission reaction. 
Applying these gates in (a) gives the fission fragments from the 
transfer-fission seen in (b).  
 
In the 34S + 232Th reactions, pairs of the fission fragments 
could be detected efficiently in both detectors by defining 
one rectangular gate between 75° < θ1 < 105° and 157.5° 
< ϕ1 < 202.5° in the back detector and looking for the 
complimentary fission fragment in the front detector, 
ensuring fission fragment events were clustered away 
from the edges. 
 
However, the above method did not give efficient 
detection of the fission pairs for the 40Ca + 232Th system. 
Hence, two sets of θ-ϕ gates were put on the back 
detector. In the first case, a gate including the angular 
ranges 75° < θ1 < 105° and 135° < ϕ1 < 165° was put on 
the back detector: this corresponded to positive 
perpendicular velocity of the fission pair. In the second, 
for the same angular coverage in θ1, 195° < ϕ1 < 225° was 
selected. This gate corresponded to negative velocity of 
the fission pair. The total fission events were the sum of 
fission pairs extracted respectively from the two sets of 
gates shown in Figure 4 (a).  
 
3.3 Separation of Fusion-fission and Transfer-
fission 
 
 
Figure 5. Fission fragment velocity components parallel and 
perpendicular to the beam. Fusion-fission events lie in the 
centre of the figure (red line), while transfer-fission events are 
spread out within an ellipse (black line). The scale of counts is 
given by a colour scheme in the right panel. 
 
Figure 5 shows a scatter plot of the measured vpar-vcn 
against vperp, where vperp is the velocity component 
perpendicular to the beam axis. For fission following a 
fusion reaction, fission fragments travel with the same 
centre-of-mass velocity as the parallel component of the 
compound nucleus velocity and zero perpendicular 
velocity. A small spread in fusion-fission events results 
from the evaporation of light particles such as n, p, α 
particles from the nuclei either before or after scission, as 
well as the position/time resolution of the detector. 
Therefore, the high intensity region in the centre of the 
plot corresponds to fusion-fission. This region is bounded 
within an elliptical shape. The lengths of the major and 
minor axes of the ellipse were defined from the widths of 
a 1-D Gaussian fit to the projection of the vpar-vcn versus 
vperp plot.  
 
Outside this region, the 3-body events corresponding to 
fission following a transfer reaction are located. These 
events are associated with reactions resulting in a 
projectile-like nucleus and two fission fragments. These 
fragments are constrained by kinematic limits, and thus 
they are spread inside a circle of radius vcn, centred at vpar-
vcn, = 0 vperp = 0. However, some of these events cross the 
kinematic limits due to some instrumental effects or 
resolution issues.  Therefore, an elliptical shape boundary 
was used for selecting transfer-fission events.  
4 Results and Discussion 
This paper focuses on studying the ratio of 3-body events 
(comprising one projectile-like nucleus and two fission 
fragments arising from fission of the target-like nucleus) 
to FMT fission following capture. For simplicity, we 
denote this as the ratio of transfer-fission to fusion-
fission.  
 
Figure 6. Ratio of transfer-fission to fusion-fission with respect 
to the reduced energy.  
 
Figure 6 shows the ratio of transfer-fission to fusion-
fission events as a function of the beam energy 
normalised by the proximity barrier VB [15]. The errors 
on the ratios were obtained from the error propagation of 
the statistical errors.  
As Figure 6 shows, for reactions involving heavy 
projectiles, a higher ratio is observed as compared to 
reactions involving light projectiles for the full range of 
measured energies.  
The results show that with increasing Z1Z2, transfer-
fission is more probable than fusion-fission process. This 
is consistent with the idea that an increasing density 
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 overlap between the colliding nuclei results in an increase 
in transfer reactions, which in turn competes with fusion 
reactions. Thus, an increase in the transfer probability 
leads to an increase in fusion suppression due to loss of 
flux from the fusion channel. This result is consistent 
with Ref. [7], which also describes an increased fusion 
suppression in reactions between heavier nuclei in 
comparison to those involving light nuclei.  
5 Conclusions   
Transfer-fission events have been well separated from 
fusion-fission events for 34S + 232Th and 40Ca + 232Th 
reactions using the kinematic coincidence method. The 
measurements show that transfer-fission reactions 
increase with an increase in Z1Z2 relative to fusion-
fission. This relative increase in transfer with the charge 
product may be linked to an enhancement in the density 
overlap for collisions between heavier nuclei. This 
observation provides important evidence supporting the 
idea that DICs should be taken into account in models 
describing the fusion process in heavy-ion reactions.  
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